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Abstract
The small hive beetle, Aethina tumida Murray (Coleoptera: Nitidulidae), is a pest of colonies of social bees, 
including the honeybee Apis mellifera L. (Hymenoptera: Apidae). We investigated A. tumida oviposition behavior 
and development and found that it laid eggs in clutches that ranged in size (3–75 eggs per clutch) and that when 
fed on hive products in laboratory culture (27°C; RH 65%; 12:12 (L:D) h) it completed three larval instars before 
pupation. The yeast Kodamaea ohmeri (Etchells & Bell) Y. Yamada, T. Suzuki, M. Matsuda & K. Mikata (Ascomycota: 
Saccharomycotina) is associated with A. tumida, but the exact nature of this relationship is unknown. We examined 
the association in host eggs, larvae, pupae, and adults to establish its extent and potential specificity and determined 
the likely mechanism of vertical transmission. K. ohmeri was detected in egg mucilage and on host cuticle and from 
internal preparations of A. tumida at every stage of development. Based on colony forming unit (CFU) counts, the 
K. ohmeri densities varied significantly between developmental stages; the highest internal density was recorded 
in third instar larvae. Presence of K. ohmeri within adult A. tumida was not affected by contamination of the cuticle 
by the yeast during the larval and pupal stages nor by the mated status of the adult. This deepened understanding 
of A. tumida ovipositional behavior and larval development along with a better understanding of the relationship 
between K. ohmeri and its host is important for the development of management strategies for this important pest.
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The small hive beetle, Aethina tumida Murray (Coleoptera: 
Nitidulidae) is a pest of the Western honey bee, Apis mellifera 
L.  (Hymenoptera: Apidae) as well as other species of social bee 
including bumblebees (Spiewok and Neumann 2006, Hoffmann 
et al. 2008) and stingless meliponine bees (Lóriga Peña et al. 2014, 
Heard 2016). The beetle is native to sub-Saharan Africa where it 
is a minor pest of little economic importance and is restricted to 
weak, stressed or diseased African honey bee colonies (Lundie 1940, 
Neumann and Elzen 2004, Ellis and Hepburn 2006). Outside of its 
native Africa, A.  tumida is an economically important pest in the 
United States (Elzen and Baxter 1999) and Australia (Gillespie et al. 
2003, Neumann et al. 2010, Neumann et al. 2016) and is present in 
Egypt (Mostafa and Williams 2002, Hassan and Neumann 2008), 
Portugal (Ritter 2004), Canada (Clay 2006), Italy (EFSA 2015), the 
Philippines (Cervancia et  al. 2016), and Brazil (Al Toufailia et  al. 
2017). Adult A. tumida are attracted to odors associated with Ap. 
mellifera (Suazo et  al. 2003, Teal et  al. 2007, Torto et  al. 2007b) 
and Bombus impatiens (Spiewok and Neumann 2006). Inside the 
hive females lay clutches of eggs in brood cells and in crevices in 
the brood comb and pollen stores (Neumann et  al. 2013). Eggs 
hatch after 1 to 3 d, depending on temperature and humidity, and 
larvae feed on brood, pollen stores, and honeycomb (Annand 2011, 
Neumann et al. 2013, Neumann et al. 2016). After approximately 13 
d larvae reach their final instar and exit the hive to pupate in the soil 
(Lundie 1940, Hood 2004).
Mass larval feeding can cause the fermentation of hive products 
and structural collapse of the hive after the queen ceases to lay eggs 
and the colony absconds (Hepburn and Radloff 1998, Hood 2004, 
Hayes et al. 2015). A. tumida is documented to have an association 
with the yeast Kodamaea ohmeri (Etchells & T. A. Bell)  (= Pichia 
ohmeri and Yamadazyma ohmeri, Ascomycota: Saccharomycotina) 
(Torto et al. 2007a, Benda et al. 2008, Graham et al. 2011, Leemon 
2012). It appears that K. ohmeri is carried by the larvae and fer-
mentation of the feeding substrate occurs following contamination 
with the yeast as larvae feed. The odors emitted by fermenting hive 
products are highly attractive to adult beetles (Torto et al. 2007a, 
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2Torto et  al. 2007b, Hayes et  al. 2015) and they may function as 
an aggregation kairomone that indicates a local concentration of 
food. However, the nature of the association between A. tumida and 
K. ohmeri is largely unknown. Yeast is required to initiate fermenta-
tion of hive products, which may allow larvae to feed on the modi-
fied (conditioned) substrate and results in the production of odors 
to attract conspecifics that facilitate further inoculation of the sub-
strate with K.  ohmeri (Neumann et  al. 2016). Group feeding has 
been documented as a strategy for exploiting food sources in other 
insect groups (Tsubaki 1981, Tsubaki and Shiotsu 1982, Nahrung 
et al. 2001). The aggregative (Mustafa et al. 2015) and ovipositional 
behavior (Neumann et al. 2013) of adult beetles and the communal 
feeding behavior of larvae suggest that en masse feeding is optimal, 
perhaps to overcome host colony defenses (Mustafa et al. 2015).
Microbial symbionts can be transmitted among host individu-
als horizontally or vertically. Many obligate mycetocyte symbioses 
involve transovarial transmission, but gut-colonizing microorgan-
isms may be transmitted vertically by contamination of the egg sur-
face. K. ohmeri, like most yeasts associated with insects (Benjamin 
et  al. 2004), is thought to inhabit the gut of its host (McGlashan 
2011) and so we hypothesize that this yeast is transmitted vertically 
via the egg coating or mucilage, although horizontal transmission 
may also occur during adult contact or more specifically, mating 
(Moran and Dunbar 2006).
Determination of the number of larval instars that an insect com-
pletes in the course of its development (typically by measuring head 
capsule width (Dyar 1890, Panzavolta 2007) is a useful and often 
vital tool in basic and applied entomological research. For example, 
pest species are often vulnerable to control methods for a restricted 
period of their life cycle and so control application may require reli-
able determination of instar distribution in the field (Logan et  al. 
1998).
Many aspects of the biology and ecology of A.  tumida that 
impact its pest status under various environmental conditions need 
clarification. In particular, the number of larval instars that are 
completed during development, the size of egg clutches with regard 
to egg mucilage contents and the relationship between A.  tumida 
and K. ohmeri in each life stage of the beetle are as yet unknown. 
The work reported here furthers our understanding of A.  tumida 
basic biology as it determines 1) the number and variability of eggs 
in a typical A.  tumida egg clutch, 2)  the number of larval instars 
A.  tumida completes before pupation, 3)  the presence and density 
of K. ohmeri at each stage of the A. tumida life cycle, and 4) if the 
K. ohmeri association with A.  tumida is maintained externally on 
the cuticle or endogenously within the body of its host during the 
larval and pupal stages. This expansion of our knowledge of the 
biology of A. tumida has the potential to improve control strategies 
for this economically important pest.
Materials and Methods
A. tumida Laboratory Culture
Laboratory-reared A.  tumida were maintained at the Agri-Science 
Queensland Department of Agriculture and Fisheries culture at 
the Ecosciences Precinct, Dutton Park, Queensland and reared as 
described by Cribb et al. (2013). These insects had been in laboratory 
culture for 5 yr and were regularly (once every 2 mo) supplemented 
with A.  tumida from Ap. mellifera hives (Bellbowrie, Queensland, 
Australia). All insects were maintained at 27°C and RH 65%; adult 
insects were maintained at 12:12 (L:D) h while larvae and pupae were 
reared in continuous darkness. The method for rearing of individual, 
unmated beetles was based on Neumann et  al. (2013). Final instar 
larvae were retrieved from the culture and placed in vials (5 ml) filled 
with sandy soil (7 g Ki-Carma Coarse Sand) (moistened to 5% w/w) 
and then incubated in darkness. Freshly emerged adults were collected 
at the soil surface and sexed according to Neumann et al. (2013).
Egg Clutches
A clutch of A. tumida eggs was defined as a group of eggs in con-
tact with one another or within a distance of one egg width from 
one another. To determine the number of eggs laid per clutch, cul-
tures were set up as follows: adult A.  tumida (n = 30; almost 2:1 
female:male (Neumann et al. 2001), honeycomb (≈50 g) and brood 
comb (≈25  g) (sourced from Ap. mellifera hives in Bellbowrie, 
Queensland, Australia (S 27.55°, E 152.89°) were placed within two 
plastic containers (inner = 250 ml; outer = 2 liters) the outer was 
covered by fine gauze and a lid with holes (30 × ≈1 mm diameter). 
The container was then sprayed with water (≈5 ml) and incubated 
at 27°C and RH 65% in continuous darkness (n = 6 containers × 3 
replications in time). Females oviposited through the gauze on to the 
underside surface of the lid; eggs and clutches were counted and har-
vested after 2 and 3 d (n = 320 clutches). A method using two micro-
scope slides (Ellis et al. 2013) was tested but the method described 
here was found to be more successful in producing large numbers of 
eggs in clear clutches which were easily counted and removed.
Instar Determination
To determine the number of instars completed by A. tumida larvae 
before the pupal stage, cultures were set up (as above) and neonate 
larvae were allowed to move to feeding substrate; this was done on 
four consecutive days (n = 2 cultures per day equaling total of 8). 
Approximately 20 larvae were collected every day from each culture 
for a total of 10 d or until post-feeding, wandering behavior had 
clearly begun (Neumann et al. 2013). Larvae collected were exposed 
to −20°C for 5 min. to minimize movement and the head capsule 
width was measured at its widest point using a calibrated graticule 
on a stereo microscope (n = 1,170).
K. ohmeri Isolation and Detection
Solid Media for K. ohmeri Detection
All samples collected for the detection of K.  ohmeri alone were 
plated on Sabouraud dextrose agar (SDA) (Difco Becton, Dickinson 
and Company; pH 5.6 ± 0.2); plates for colony forming unit (CFU) 
counts had chloramphenicol added (0.25 g in 500 ml agar) to inhibit 
bacterial growth (SDAC), ≈20 ml in 90-mm-diameter Petri dishes. 
Plates were then incubated at 27°C in continuous darkness for 3 d 
before CFU counts were conducted and the number of K. ohmeri 
colonies determined. K. ohmeri was identified using its unique mor-
phological characters, i.e., a distinctive matte-like, wrinkled colonial 
form (Benda et al. 2008).
Surface Sterilization of A. tumida
A preliminary experiment showed that immersion of K. ohmeri con-
taminated A. tumida larvae in 70% ethanol for 30 s, followed by 
immersion in sterile H2O for 30 s, immersion in bleach (5% HClO) 
and aqueous polysorbate (Tween 80, 0.25%) for 30 s and then two 
rinses (30 s each) in sterile H2O killed or removed all K. ohmeri from 
the insect cuticle (data not shown). Following surface sterilization of 
insects for use in experiments the aliquots (100 µl) of the final H2O 
rinse were plated on SDA and incubated at 27°C for 3 d in continu-
ous darkness to check for K. ohmeri. Plates were then examined for 
microbial growth every day for a further 7 d; none showed signed of 
K. ohmeri growth (data not shown).
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3Isolation of K. ohmeri From A. tumida Egg Mucilage
As clutch sizes were variable and we were interested in the CFU 
count of K. ohmeri per egg, artificial groupings of eggs were pre-
pared. Each group (n  = 51) of eggs (mean ± SEM) (501.2 ± 11.8 
eggs) was made up of 25 clutches. Each group was transferred to a 
sterile solution of aqueous polysorbate (Tween 80, 0.01%; 200 µl) in 
reaction tubes (1.5 ml). Each group was gently agitated in the solu-
tion for 30 s to remove the mucilage coating of the newly-laid eggs. 
Aliquots of this suspension (4 × 10 µl) were plated on SDAC and 
K. ohmeri CFU counts determined 3 d later as previously described. 
A  homogeneous food source, pollen dough (Bee Build, L.  and 
P. Dewar, Kalbar, Queensland, Australia) was prepared and sterilized 
by gamma cell irradiation (24 h, 8 kGy). Sterility was conformed by 
swabbing the surface with a sterile cotton tip, agitating the swab in 
sterile aqueous polysorbate (200 µl) (Tween 80, 0.01%) and plat-
ing this suspension as described above. Batches of eggs were then 
individually surface sterilized as previously described and introduced 
to pollen dough (10 g) in a Petri dish (90 mm diameter) with H2O 
(500 µl). The eggs and pollen dough were then incubated at 27°C 
and RH 65% for 13 d (sterile H2O was added as necessary during 
this period to prevent desiccation of substrate). Surviving ‘wander-
ing’ larvae were individually transferred to sterile soil (7 g; Ki-Carma 
Coarse Sand) with H2O (1 ml) and incubated at 27°C and RH 65% 
for 15 d. Within 24 h of emergence from the soil, adults were sur-
face sterilized, homogenized by grinding with sterile H2O (200 μl) 
using a sterile mortar and pestle and plated on SDA as previously 
outlined. K. ohmeri CFU counts were determined 3 d later as previ-
ously described.
Isolation K. ohmeri From Larvae, Pupae, and Adults
To isolate K. ohmeri from the cuticle of A. tumida larvae, pupae and 
adults, individual insects (Table 1) were submerged in sterile aque-
ous polysorbate (Tween 80, 0.01%) (200 µl). An aliquot of the sus-
pension (40 µl agitated for 5 s) was plated onto SDA and K. ohmeri 
colonies identified by morphology (Benda et al. 2008, Leemon 2012) 
following incubation as described previously. To detect and quan-
tify internal K. ohmeri from different A. tumida stages, insects were 
surface-sterilized and each individual insect was then homogenized 
as previously described. Aliquots of this homogenate (4 × 10 µl) were 
plated on SDAC as previously described, incubated and K. ohmeri 
CFU counts were performed after 3 d.
Isolation of K. ohmeri From Adults Developing From Surface-
Sterilized Larvae and Surface-Sterilized Pupae
To detect and quantify K. ohmeri in adults developing from surface 
sterilized final instar larvae and pupae, insects (third instar larvae 
and pupae) were surface sterilized and placed in vials containing 
sterile soil for pupation as previously described. Once emerged, 
surviving beetles (Table 1) were sexed according to Neumann et al. 
(2013), rinsed and processed as above.
Statistical Analysis
Preliminary investigations suggested that the density of the larval, 
pupal, and adult A.  tumida body is close to one and internal CFU 
counts were determined using this metric. The data were not normally 
distributed (Shapiro Wilk test for Normality P < 0.05) so a Kruskal 
Wallis one-way analysis of variance was used to determine whether 
the density of K. ohmeri CFUs differed among life stages and among 
adult treatments of A. tumida. Pair-wise comparisons (Mann–Whitney 
U) were used to determine where these differences lay. Analyses were 
performed with GenStat (v.16.1.0.10916) (Payne et al. 2011).
Results
Egg Clutches
A. tumida egg clutches ranged from 2 to 75 eggs per clutch, with a 
mean ± SEM of 16.2 ± 0.7, a median of 13 and a mode of 10 eggs 
per clutch. Sixty-one percent of egg clutches consisted of 6–20 eggs 
(Fig. 1).
Instar Determination
The frequency histogram of head capsule width (Fig. 2) shows clear 
discontinuities that indicate that A. tumida completes development 
through three larval instars under the experimental conditions. The 
head capsule widths for first instars ranged from 250 to 350 µm; 
second instars from 490 to 670 µm and third instars from 790 to 
1,170 µm.
Table 1. Proportion of insects positive externally and internally for K. ohmeri and K. ohmeri colony forming units per insect (only replicates 
where K. ohmeri was detected are included)
Life stage/ treatment Isolation site
Cuticle Homogenate/tissue
n
Prop’n ± SEP insects positive 
for K. ohmeri n
Prop’n ± SEP insects positive 
for K. ohmeri
Mean ± SEM  
CFU/insect
Larvae First instar 20a 0.95 ± 0.05 20a 0.40 ± 0.11 0.03 ± 0.01
Second instar 20b 0.40 ± 0.11 20b 0.35 ± 0.11 18 ± 7
Third instar 57 0.96 ± 0.03 40 0.54 ± 0.06 1,194 ± 197
Pupae Female 24 0.25 ± 0.09 56 0.68 ± 0.05 335 ± 49
Male 24 0 22 0.32 ± 0.06 103 ± 27
Adults (unmated) Female 20 1 18 0.90 ± 0.07 269 ± 104
Male 20 1 20 1 1,010 ± 157
Adults surface sterilized 
as larvae
Female 32 0.44 ± 0.09 32 1 403 ± 100
Male 25 0.40 ± 0.1 25 1 962 ± 188
Adults surface sterilized 
as pupae
Female 20 0.55 ± 0.11 36 0.95 ± 0.04 1,031 ± 213
Male 13 0.69 ± 0.13 28 0.95 ± 0.04 889 ± 262
a100 larvae per replicate (=2,000 individuals).
b10 larvae per replicate (=200 individuals).
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4K. ohmeri Isolation
Egg Mucilage
The mean (±SEM) number of K. ohmeri CFUs from A.  tumida 
egg mucilage preparations 37  ±  6 per group (one group  =  25 
clutches). K. ohmeri was detected in the mucilage of 86.3 ± 0.05% 
of tested egg groups (n = 51). Within egg groups that were posi-
tive for K. ohmeri, the mean (±SEM) number of CFUs per egg 
were 1.4 ± 0.2; this was not significantly different from internal 
first instar larvae K. ohmeri CFU counts (Table 1) (U = 170.0; 
df = 31, 11; P = 0.576). No K. ohmeri was detected in either the 
rinse or homogenate of any adult that developed from a surface-
sterilized egg.
Larvae, Pupae, Adults, Adult Surface Sterilization Treatment
K. ohmeri was also detected from internal samples of A. tumida 
in all larval stages and in pupae (Table 1). Other morphologic-
ally different yeasts were identified in some of the cuticular rinses 
and homogenates of a number of life stages and treatments; 
however, K. ohmeri appeared to be the most abundant and pre-
sent across the majority of samples. There were significant dif-
ferences between K. ohmeri CFU counts for different life stages 
(χ2: H = 76.79; df = 6; P < 0.001) (Fig. 3) and the detectability 
of internal K. ohmeri varied with A. tumida life stage (Table 1). 
The highest density of K.  ohmeri CFUs was in third instar lar-
vae, which was significantly higher than all other stages of 
Fig. 2. Head capsule widths of A. tumida larvae (bins of 20 µm; n = 1,170) indicating three larval instars.
Fig. 1. A. tumida egg clutch size distributions (n = 320).
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5development except for (unmated) adult males (U = 293; df = 39, 
19; P = 0.095) (Fig. 3). First instar larvae had significantly lower 
K. ohmeri CFU counts than second instar larvae (U = 23; df = 11, 
9; P  = 0.014) and all subsequent life stages (Fig.  3). K. ohmeri 
was detected internally in adults which had been surface sterilized 
as third instar larvae and those surface sterilized as pupae. The 
proportion of insects positive for cuticular K. ohmeri at the adult 
stage after either treatment was approximately half that of con-
ventionally reared insects (Table 1, Fig. 4). However, the yeast was 
still detectible internally in approximately the same proportion in 
adults where cuticular K. ohmeri had been removed. Preliminary 
data suggested there was no significant difference between the 
level of internal K. ohmeri in unmated adults and adults which 
had had access to others of the opposite sex.
Fig. 3. Mean CFU (×1000) (±SEM) count of Kodamaea ohmeri per gram of tissue for Aethina tumida larvae, pupae and unmated adults (only individuals positive 
for K. ohmeri included). Different letters above columns indicate a significant difference in mean counts (Mann–Whitney U: P < 0.05).
Fig. 4. Mean CFU (×1000) (±SEM) count of Kodamaea ohmeri per gram of tissue for Aethina tumida adult treatments: surface sterilized (SS) as larvae, SS as 
pupae and untreated adults (only individuals positive for K. ohmeri included). Different letters above columns indicate a significant difference in mean counts 
(Mann–Whitney U: P < 0.05).
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6Discussion
The size of A.  tumida egg clutches varied around a mode of 10 
(Fig. 1) and, under the rearing conditions used, the species completed 
three larval instars before developing into a pupa (Fig 2). K. ohmeri, 
was detectible in the egg mucilage surrounding A. tumida eggs and 
internally at every subsequent life stage.
It has been reported that A.  tumida lays eggs in clutches 
(Neumann and Hartel 2004) and that it prefers to oviposit in cracks 
and crevices in the hive (Swart et al. 2001). Females may also ovi-
posit underneath capped brood cells (Ellis and Delaplane 2008) and 
oviposition seems to only occur after protein feeding by females 
(Neumann et al. 2016). However, there are still gaps in our knowl-
edge of A. tumida oviposition behavior. Several models of the evolu-
tion of oviposition in clutches and the size of egg clutches in insects 
exist (Parker and Courtney 1984). However, much of the work that 
has been conducted on clutch size and modeling oviposition has 
been on phytophagous insects and parasitoid wasps (Skinner 1985). 
The application of these models to A. tumida is problematic as the 
beetle lives within the nest of its host, Ap. mellifera. Many life history 
characteristics of A. tumida are yet unknown so it is only possible to 
speculate on which parameters may influence the egg-laying behav-
ior of this species. However, the determination of a median clutch 
size provides a starting point for understanding population growth 
in a hive and yeast inoculation dynamics.
Symbiotic microorganisms can be transmitted between individ-
uals in a number of ways. For example, the egg chorion and the 
mucilage can play a major role in the vertical transmission of sym-
biotic microorganisms of insects. Non-social insects generally do 
not interact with their offspring, and so females may be responsi-
ble for supplying their eggs with mutualistic microorganisms that 
may not be readily available in the environment (Kellner 2002). This 
may occur transovarially for mycetocyte symbionts (Douglas 1989, 
Kellner 2002), as the egg is laid (Steinhaus 1946) or, in the case of 
gut-inhabiting symbionts, by smearing the egg surfaces with fecal 
material containing these microorganisms (Koch and Henry 1967). 
Inoculation of offspring then usually requires the young to contact 
the surface of their own or other eggs with their mouthparts upon 
hatching. For example, the chrysomelid reed beetle Donacia semicu-
pera eats the bacteria-containing mucilage; other chrysomelid and 
cerambycid beetles eat some of the symbiont-inoculated chorion 
(Steinhaus 1946, Buchner 1953, Kellner 2002). Egg laying strate-
gies in terms of laying in clutches and the number of eggs per clutch 
may have a role in this vertical transmission of associated microor-
ganisms; A. tumida egg clutches have been reported to be between 
10 and 30 (Stedman 2006). To expand on this, the present study 
determined that egg clutch numbers ranged from 3 to 75 with a 
modal value of 10 eggs per clutch. Adult female A. tumida is capable 
of producing more than 3,000 eggs over 44 d (De Guzman et  al. 
2015), suggesting that females oviposit fewer eggs in more clutches. 
Preliminary work indicates that clutch size does not influence the 
number of K. ohmeri CFUs present in the mucilage per egg. Clutch 
oviposition itself and clutch size may be adaptations to maximize the 
chances of an egg being inoculated with K. ohmeri without each egg 
needing to be inoculated directly. However, the variability of clutch 
size in A. tumida may also be driven by a number of factors includ-
ing the age of the female, the number of times she has mated, the 
amount of sperm she has stored, the nature and composition of the 
food source as well as in response to defensive behavior of the host 
Ap. mellifera (Ellis et al. 2003, Neumann et al. 2016). More work is 
needed to determine the effects (if any) of these and other factors in 
the ovipositional behavior of this species. Ecologically, oviposition 
in (small) clutches may also be significant in this pest being able to 
overrun host honeybee defenses by initiating larval feeding and fer-
mentation at multiple locations throughout the hive. Neumann and 
Elzen (2004) observe that early on in an infestation egg tend to be 
laid in cracks and crevices around the hive not directly on the brood 
comb food source. Meikle and Patt (2011) found that A. tumida egg 
survivorship is highest at 28°C which fits this observation as brood 
comb is maintained at a higher temperature (Seeley and Heinrich 
1981).
It has been previously reported that A. tumida completes three 
(de Guzman and Frake 2007) and four (Haque and Levot 2005) 
larval instars. Neither of these studies applies Dyar’s rule to head 
capsule measurements; this method assumes that the widths of the 
highly sclerotized head capsule of successive instars follow a regular 
geometrical progression (Dyar 1890, Logan et al. 1998). The pre-
sent work supporting the findings of de Guzman and Frake (2007) 
shows that A. tumida has three larval instars under the given condi-
tions. It is important to note that the number of larval instars of 
A.  tumida may differ under different rearing conditions as occurs 
in some anobiid and cerambycid beetles (Dillon et al. 2000). A host 
insect’s relationship with symbiotic microorganisms may alter signif-
icantly between moults and during metamorphosis. Understanding 
the ontogenic development is important in understanding the signifi-
cance of such associations. The positive identification of instars can 
allow an examination of the microbiota location and regulation at 
different stages of insect development. In determining the number of 
instars for A. tumida, we were able to definitively track the occur-
rence of K. ohmeri at all stages of development. A definitive number 
of instars for this pest species may also prove useful in management 
strategies whereby the progression of an infestation can be tracked 
and the suitability of targeted control measures can be accurately 
determined.
This study extends and supports the work of Benda et al. (2008), 
who reported that A.  tumida larvae from heavily infested honey-
bee hives harbored yeasts with between 103 and 104 CFUs/insect 
and adults at 10–100 CFUs/insect. The results of the present study 
demonstrate that after rigorous surface sterilization, K.  ohmeri is 
still internally detectible at every life stage of A. tumida, which sug-
gests more than a causal association between yeast and host insect. 
Previous work found no evidence of specialized structures for 
K. ohmeri in the gut of A. tumida (McGlashan 2011).
There were few significant changes in internal K. ohmeri CFU 
density between insects whose cuticle had been cleared of micro-
organisms during development (surface sterilized as larvae and as 
pupae) and those reared conventionally. This suggests that the pres-
ence of larval and pupal cuticular K. ohmeri does not have a role in 
providing the adult insect with K. ohmeri as the yeast is maintained 
internally throughout the life cycle. The higher density of K. ohmeri 
observed in the third instar larvae (Table 1, Fig. 3) may reflect their 
behavior; feeding involves being in close contact with the substrate 
(pers. observation) which also becomes inoculated with K. ohmeri 
(Leemon 2012). The significant drop in CFU density between final 
instar larvae and both male and female pupae (Table 1, Fig. 3) may 
be due to the cessation of feeding and thus yeast replication and 
re-inoculation from the substrate. Furthermore, many insects exude 
the peritrophic membrane (PM) as they metamorphose from larvae 
to pupae; the midgut epithelial cells secrete the PM, which is usually 
continually replaced as it is shed. This matrix divides the midgut 
into the endo- and ecto-peritrophic space with microorganisms usu-
ally being confined to the former (Engel and Moran 2013). Some 
insect species do not produce a peritrophic matrix, e.g., Carpophilus 
freemani Dobson (Coleoptera: Nitidulidae) (Nardi and Bee 2012); it 
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7remains unknown whether A. tumida possesses a peritrophic matrix, 
but if it does, a significant proportion of the yeast load may be lost 
with the matrix and so this may also account for the significant drop 
between third instar larvae and pupae (Table 1, Fig. 3). It is not clear 
why there were significantly more K. ohmeri CFUs in adult males 
than in adult females (Table 1, Fig. 3). The presence of other yeast 
species in both cuticular and homogenate insect samples is not sur-
prising given the hospitable nature of the insect gut as a yeast habitat 
(Suh et al. 2005, Douglas 2015). The presence of yeast and the sub-
sequent fermentation of hive products may allow A. tumida larvae 
access to all resources in a hive and facilitate mass reproduction. The 
significance of K. ohmeri among this yeast flora may also lie in its 
apparent dominance in fermenting hive products during mass larval 
feeding (Leemon 2012). The fermentation of hive products, caused 
by the yeast, is the destructive and so economically significant part 
of A. tumida’s impact on commercial honeybee colonies. Previous 
studies have noted an association between A. tumida and this yeast 
(Torto et al. 2007a, Benda et al. 2008, Schäfer et al. 2009, Neumann 
et al. 2016) and several of these have called for further investigation.
The ovipositional strategies of A. tumida in conjunction with its 
association with the yeast K. ohmeri may have a role in the success 
of A. tumida as a pest. Furthering our understanding of the biology 
of A. tumida and the yeast K. ohmeri as a symbiosis may hold poten-
tial in the management of this honeybee pest (Neumann et al. 2016).
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